Comparisons of community-level functional traits across environmental gradients have potential for identifying links among plant characteristics, adaptations to stress and disturbance, and community assembly. We investigated community-level variation in specific leaf area (SLA), plant mature height, seed mass, stem specific gravity (SSG), relative cover of C4 species, and total plant cover over hydrologic zones and gradients in years 2013 and 2014 in the riparian plant community along the Colorado River in the Grand Canyon. Vegetation cover was lowest in the frequently inundated active channel zone, indicating constraints on plant establishment and production by flood disturbance and anaerobic stress. Changes in trait values over hydrologic zones and inundation gradients indicate that frequently inundated plots exhibit a community-level ruderal strategy with adaptation to submergence (high SLA and low SSG, height, seed mass, C4 relative cover), whereas less frequently inundated plots exhibit adaptation to drought and infrequent flood disturbance (low SLA and high SSG, height, seed mass, C4 relative cover). Variation in traits not associated with inundation suggests niche differentiation and multiple modes of community assembly. The results enhance understanding of future responses of riparian communities of the Grand Canyon to anticipated drying and changes in hydrologic regime.
Introduction
Consideration of plant functional traits offers a promising approach for identifying links between plant characteristics, habitat conditions, and community assembly across environmental gradients and provides a functional complement to species and community analyses (Lavorel and Garnier 2002; Pywell et al. 2003; Wright et al. 2004; Bernhardt-Römermann et al. 2008; Merritt et al. 2010; Swenson and Weiser 2010; Sandel et al. 2011) . Environmental filters are agents of selection on traits and thus affect site habitability for species (Grime 1977; Cornwell et al. 2006; Cornwell and Ackerly 2009) . Theory and empirical evidence suggest that trait divergence is greatest at intermediate levels of disturbance and stress, and is lowest in the most stressful environments (Connell 1978; Fraser et al., 2016) . Plant traits that are environmentally constrained have been hypothesized to vary consistently across environmental gradients (Messier et al. 2010; Shipley et al. 2016) . Observations of low variance in plot-level traits despite high species turnover (Messier et al. 2010 ) and consistent changes in traits across environmental gradients (Wright et al. 2004; Chave et al. 2009 ) support this hypothesis. However, further studies are needed to investigate the extent to Electronic supplementary material The online version of this article (doi:10.1007/s13157-017-0895-3) contains supplementary material, which is available to authorized users.
which relationships between traits and environmental gradients apply to specific regional and local contexts (Shipley et al. 2016) .
In riparian ecosystems of arid regions, flow regime drives physiological drought and inundation stresses and physical flooding disturbance (Naiman et al. 1993; Lytle and Poff 2004; Stromberg et al. 2007 ). Gradients of disturbance and water availability strongly determine the composition and location of vegetation communities in riparian ecosystems (Pockman and Sperry 2000; Nilsson and Svedmark 2002; Sluis and Tandarich 2004) . Plant communities change along these steep gradients, making riparian ecosystems in arid regions ideal for investigations of environmentally driven variation in plant functional traits.
Prediction of riparian community response to changes in inundation and water availability requires better understanding of relationships between plant community characteristics and environmental conditions (Merritt et al. 2010; HoughSnee et al. 2015) . Vegetation encroachment, streamward expansion of xeric communities (terrestrialization), and reduced recruitment of some species commonly occur in riparian ecosystems of southwestern North America following changes to flow regimes (Turner and Karpiscak 1980; Shafroth et al. 2002; Merritt and Bateman 2012; Sankey et al. 2015) . These changes strongly suggest that flooding and water stress influence riparian community-level traits (Kyle and Leishman 2009; Hough-Snee et al. 2015) . A community-level trait is a metric calculated for an entire field plot from trait values of species that occur in the plot weighted by the relative abundance of species in the plot (Hollingsworth et al. 2013; Clark 2016 ). Comparisons of community-level traits over gradients provide understanding about environmental and plant functional controls over community assembly and ecosystem processes that may be transferable among systems.
Our study focuses on riparian vegetation of the Colorado River in Grand Canyon in semi-arid northern Arizona, where completion of Glen Canyon Dam in 1963 greatly reduced annual flood peaks, increased base flow and daily fluctuations, and altered sediment transport processes, which led to the establishment of riparian vegetation at lower elevations, extensive fluvial marsh formation, and expansion of vegetated fluvial surfaces (Turner and Karpiscak 1980; Stevens et al. 1995; Gloss et al. 2005; Sankey et al. 2015) . A projected warmer future climate and changes in water availability in this region (Hayhoe et al. 2004; Seager et al. 2007; Seager and Vecchi 2010; Dominguez et al. 2012 ) may further alter river flow management and consequently affect riparian plant communities, especially those at the upper reaches of the floodplain through direct effects of climate. We investigated patterns in community plant cover and functional traits in two years (2013, 2014) along inundation gradients of the Colorado River in Grand Canyon. The inundation gradients were based on two approaches: continuous inundation duration, and three hydrologic zones based on historical inundation since dam control of river flow. Our study addressed the following questions: 1) How does plant cover vary over hydrologic zones (active channel, active floodplain, inactive floodplain)? 2) How do community-level traits vary over hydrologic zones? 3) How do community-level traits vary across a gradient of inundation? and 4) How are community-level traits intercorrelated? We used traits included in Westoby's L-H-S scheme (specific leaf area, height, seed mass; Westoby 1998) and Chave's wood economics spectrum (stem specific gravity; Chave et al. 2009 ), as well as photosynthetic pathway (Doliner and Jolliffe 1979; Sage 2004) . We hypothesized that community-level traits would display a coordinated, functionally coherent shift from traits commonly associated with anaerobic tolerance, frequent disturbance and a ruderal strategy (i.e., high SLA, low height, low seed mass and SSG) in plots and zones that were frequently inundated to traits associated with drought tolerance and infrequent disturbance (i.e., lower SLA, greater SSG, height and seed mass) in less frequently inundated plots and zones.
Methods Site Description
Our study area is 362 km of the Colorado River between Lees Ferry and Diamond Creek, AZ. This includes all of Marble Canyon and much of Grand Canyon (referred to collectively as Grand Canyon). Plant communities vary along the river, and are comprised of species found in the Great Basin, Sonoran, and Mojave Deserts, as well as numerous exotic species (McLaughlin 1986; Huisinga et al. 2006) . Channel constrictions occurring at side canyons due to alluvial fans and debris create eddies and return flow hydraulic features that allow for deposition of sediments and formation of sandbars (Dolan et al. 1974; Howard and Dolan 1981; Schmidt 1990) . Flooding has been greatly reduced, and variation in discharge has been largely controlled by dam operations since 1963 (Gloss et al. 2005) , resulting in sharp gradients of inundation, scour and soil water availability across relatively short distances.
The river's margin can be segmented into three hydrologic zones based on flows controlled by Glen Canyon Dam (Department of Interior 1996) : the active channel, active floodplain, and inactive floodplain (Ralston et al. 2014) . The active channel (AC) is that portion of the shoreline that can experience daily inundation. The active floodplain (AF) experiences occasional inundation. The inactive floodplain (IF) is the portion of the historic floodplain that has not experienced inundation from dam operations since the exceptionally high runoff year in 1984 (Topping et al. 2003) . Plant species occurrence and dominance vary across zones, though some common taxa occur across all three zones (Table 1) .
Plant Community Data
Vegetation data were collected in late September 2013 and 2014. Surveys of 42 sandbar sites were conducted each year between 4 and 362 km downstream from Lees Ferry, AZ. Plot locations at each site were randomly selected each year. Three or four transects with 6 to 9 1-m 2 plots each were placed at each site based on sandbar size and shape, resulting in 24 to 36 plots surveyed per sandbar site each year. Each transect started at the water's edge and extended upslope perpendicular to the river, allowing for representation of all three hydrologic zones. Hydrologic zone designations for each plot were determined by examining modeled shorelines based on flows (Magirl et al. 2008 ) and the surveyed locations of each plot in ArcGIS version 10.3.1. An effort was made to include each hydrologic zone in all transects. Exceptions occurred when banks were steep, sandbars were small, or canyon topography prevented representation of each hydrologic zone. The aerial cover of each plant species within each 1-m 2 plot was visually estimated by trained observers as a percentage of the plot area. Elevation of each plot was surveyed with optical Topcon total stations (Topcon Positioning Systems, Inc.) located on geodetic control network benchmarks (Hazel et al. 2007 ).
Trait Data
We measured five traits included in Westoby's (1998) L-H-S scheme (specific leaf area, height, seed mass), Chave et al.'s (2009) wood economics spectrum (stem specific gravity), and photosynthetic pathway (Doliner and Jolliffe 1979; Sage 2004 ). Westoby's L-H-S scheme postulates that the three traits of SLA, plant maximum height, and seed mass represent the major axes of plant functional strategies (Westoby 1998 , Weiher et al. 1999 . High SLA often occurs in more physiologically active but shorter-lived leaves and in ruderal species (Grime 1977; Wright et al. 2004; Poorter and Bongers 2006) . High SLA facilitates leaf gas exchange and plant growth and survival during submergence (Voesenek et al. 2006; Mommer et al. 2007) . Mature plant height is related to competitive ability for light and perhaps soil resources based on the assumption that tall plants require more roots (Westoby 1998) . Seed mass is a reproductive trait that often varies across environmental gradients (Grubb 1977; Guo et al. 2000; Hampe 2004 ). Species with small seed mass typically produce a larger number of seeds which are more widely dispersed than species with large seeds (Westoby et al. 1992 ). These same smallseeded species tend to be less dominant at dry sites because large seeds facilitate establishment on stressful sites (Westoby et al. 1992; Leishman et al. 1995; Larios et al. 2014) .
Stem specific gravity (SSG) is a key trait in the wood economics spectrum, which is a framework for understanding adaptation and tradeoffs in stem traits of woody plants (Chave et al. 2009 ). Plants with dense wood may be more resistant to xylem cavitation, thus are well adapted to drought compared to species with porous, low density wood (Pockman and Sperry 2000; Hacke et al. 2001; Chave et al. 2009 ). Our study extends the use of SSG beyond woody plants to herbaceous plants, in which cavitation resistance also has been associated with stem tissue density (Wahl and Ryer 2000; Lens et al. 2016) . Also, we investigated plot coverage by species with the C4 photosynthetic pathway, which are mostly grasses in our study, because the C4 pathway confers greater photosynthetic rate and water use efficiency in semiarid areas with high irradiance and mean temperature (Doliner and Jolliffe 1979; Teeri and Stowe 1976; Kemp 1983) .
We included total plant cover in our study to better understand limitations to plant establishment and production by hydrological conditions. Disturbance and abiotic stress are well-known limitations on plant cover (Grime 1977; Stromberg et al. 2007 ). In our study of riparian vegetation in Grand Canyon, the primary disturbances are shear stress, scouring, abrasion, and burial from deposition during floods, and the primary abiotic stresses include seasonal submergence and inundated anaerobic soils near the river, and drought stress at more upland sites within the river corridor (Howard and Dolan 1981; Stevens et al. 1995; Sankey et al. 2015) .
Data from the 2013-2014 plant sampling (above) were used to guide selection of species for community-level calculations and analyses. We measured or compiled data for 107 species, which include all species that were most commonly documented in the 2013 and 2014 surveys, as well as many less common species. Height, seed mass, and photosynthetic pathway were obtained from previously compiled databases and floras (e.g., Welsh et al. 2003; Baldwin 2002 ) and prior publications as described in Palmquist et al. (2017) (Table 2) . Plant heights at maturity were compiled from floral descriptions ( Table 2) . Seed mass data were compiled from the KEW Royal Botanic Garden Seed Information Database (Royal Botanic Gardens Kew 2016, http://data.kew.org/sid/), and consist of average weight in grams per 1000 seeds. Photosynthetic pathways (C3 or C4) were not found for all species, but if another species in the same genus was available, we assumed the same pathway for the species of interest (Syvertsen et al. 1976; Doliner and Jolliffe 1979; Waller and Lewis 1979; Boutton et al. 1980) .
We collected plant tissue for measurements of SLA and SSG because data on these traits are not available for many species we investigated. Collection of plant tissue along the Colorado River took place during fall 2014 and 2015 (84% of species), along the upper Verde River, as well as the vicinity of Flagstaff, AZ during summer 2015 (16% of species). Collection sites along the upper Verde River (a smaller order stream in northern Arizona sharing many species with Grand Canyon) were approximately 130 km south of Grand Canyon; Flagstaff, AZ, is approximately 100 km SSE of Grand Canyon. Collection outside of Grand Canyon was occasionally done due to difficulties in accessing the inner Grand Canyon to sample certain species, and based on current understanding that species rankings of trait values are conserved across spatial scales (e.g., within-species variance in traits is much lower than among-species variance) (Kazakou et al. 2014; Ordonez 2014) . Five individuals from one representative population of each species were sampled and used to estimate species mean values of traits (Kazakou et al. 2014; Ordonez 2014) . We maximized the trade-off between number of species, time for sample preparation and analysis, and number of individuals per species, concluding that five samples per species would well-represent the dominant species in our study of over 100 species. We targeted individuals within the population that were mature, healthy, and were in locations typical for the species (Pérez-Harguindeguy et al. 2013 ). We did not sample species located in suboptimal habitat or with visible signs of water stress, disease or insect or herbivore damage. Plant tissue collected in the field was kept in sealed plastic bags with a damp paper towel inside coolers with ice during collection trips and transportation back to the laboratory. Once returned, samples were kept cool at 2-6°C until measurements were made.
Specific leaf area (cm 2 g −1 ) was measured on four fully developed leaves from each of five individuals, and the individual plant averages were used to calculate a species average. Leaves were scanned using Winfolia software (V. 2007b, Regent Instruments, Inc.) to determine leaf area, then oven dried at 70°C for 72 h and weighed to determine mass. Petioles were included in measurements of SLA. Exceptions to this protocol included species of Tamarix, Ephedra, Equisetum, and Juncus. For Tamarix sp., a heavily foliated branchlet located near the end of a branch was used rather than an individual leaf scale. For species of Ephedra, Equisetum, and Juncus, a photosynthetic stem segment was used (variable length depending on species).
Tissue used in measurements of SSG (g cm
) for woody shrubs and herbaceous species consisted of whole stem crosssections from the base of the stem, about 5 cm in length. Exceptions to this protocol included species of Equisetum, Juncus and Plantago, for which the base of the leaf was used as a stem segment. Measurements for trees were made on both sapwood obtained from increment cores and one branch crosssection, and the average of the two values was used. For the six tree species sampled (Acacia greggii, Prosopis glandulosa, Populus fremontii, Celtis laevigata, Tamarix sp., Salix gooddingii) only Celtis laevigata had a significant difference in SSG between cores and branch cross sections (t = 4.1488, p = 0.003). Measurement of SSG followed the water displacement method (Williamson and Wiemann 2010) . Herbaceous stems were dried at 70°C for 72 h (Pérez-Harguindeguy et al. 
Community-Level Traits
A community-level value was calculated for each trait in each plot using two matrices of primary data (Hollingsworth et al. 2013; Clark 2016) . A matrix of relative species cover within each 1-m 2 plot was calculated by dividing each species cover by the total vegetation cover of the plot. A second matrix of the average trait value for each species was multiplied by the relative cover matrix, and then summed over all species in the plot to produce a community-level trait value for the plot. This community-level trait expresses the traits of all species (woody and herbaceous) in each plot as a single value, which was used as data in subsequent ANOVA and regression analyses (see below). The inclusion of both herbaceous and woody species in this metric allowed us to compare community-level traits over inundation and hydrological gradients which included frequently inundated plots dominated by herbaceous species and less-frequently inundated plots dominated by woody species.
Inundation Metric
We calculated several metrics of inundation for each plot based on stage discharge relationships (Hazel et al. 2007) , with inundation defined as elevation of river stage greater than the surveyed plot elevation. We calculated average yearly inundation duration (hours) for both the entire calendar year and traditionally defined growing season (April-September), the cumulative hours of inundation for both the entire year and growing season, and the maximum continuous period of inundation during the entire period (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) . These measures of inundation were all strongly correlated (Spearman rank correlations (r s ) ≥ 0.86, p < 0.001) with each other as well as with the exceedance probability (probability that stage height will exceed plot height) calculated for the 2013 survey plots based on the 1984-2013 streamflow record (Paul Grams, U.S. Geological Survey (USGS), pers. comm.). We used average yearly inundation duration in our analyses because it is easy to understand and is highly associated with other inundation metrics. Our calculation of inundation for plots based on stage-discharge relationships from data collected prior to 2008 (Hazel et al. 2007 ) may have some limitations due to recent changes in sand bar morphology during experimental high flow releases from Glen Canyon Dam in 2008, 2012, and 2013 , but they are the best and most recent stage-discharge relationships we have.
Data Analysis
For analyses of community-level traits, we used only plots for which we could account for 90% or more of the vegetation cover with trait values. Bare plots with no cover were removed from analysis of community traits, but were included for analysis of total cover. This data selection protocol resulted in 625 and 698 plots for analysis of community traits, and 944 and 976 plots for analysis of total cover, for 2013 and 2014, respectively.
For total plant cover and C4 cover, which had highly skewed distributions, we pooled data over years and used Kruskall-Wallis analysis to test for overall differences among the six combinations of zone and year, and Wilcoxon rank sum comparisons to test for pairwise differences. Community trait values, except SSG, were transformed as needed to stabilize residuals and comply with normality assumptions (SLA (square-root transformed)), height (ln(x = 1) transformed), seed mass (ln transformed). Then, data were pooled over years and analyzed with linear mixed models with the zone, year, and the zone x year interaction as fixed effects, and site and transect nested within site as random effects to account for our measurement of species cover over 46 sites with multiple transects per site. Zone, year, and their interaction were considered fixed effects to facilitate direct statistical tests of the effect of zone and impacts of different years on zone differences. All community-level traits had significant (p < 0.05) zone x year interactions. Zone x year least-square means from the model were compared with Tukey H-D comparisons, and then back-transformed to the original scale for display in the figures.
Our second analysis approach characterized the relationship between community-level traits and a continuous gradient of plot-level inundation duration. We used linear mixed models with year, inundation duration, and inundation x year interaction terms as fixed effects, and site and transect nested within site as random effects. Dependent data were transformed as described above, except that seed mass was power-transformed using the Box-Cox procedure (Box and Cox 1964) . Inundation duration was log10 transformed to help meet model assumptions. Conditional predicted values from the model, which account for all fixed and random effects, were plotted and regressed against inundation to display the direction and strength of the relationship between trait values and inundation. These plots use the transformed units to preserve the linear architecture of the models. For these analyses we used plots with at least one hour of inundation over the analysis period (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) to remove zeros and to focus the analysis to landscape areas that have the potential for exposure to flooding under contemporary conditions (n = 169 in 2013, n = 154 in 2014). C4 cover was not included in these analyses because of small sample size (n < 54) for plots with at least one hour of inundation. All analyses were done using JMP statistical software (JMP®, Version Pro 13).
The datasets generated during and/or analyzed during the current study are available in the ScienceBase repository, http://dx. doi.org/10.5066/F73R0R24 (McCoy-Sulentic et al. 2017) .
Results

Total and C4 Cover
A highly significant (p < 0.0001) Kruskal-Wallis chi-squared test indicated large differences in total plant cover over combinations of zone and year. In both 2013 and 2014, the active channel had significantly lower total plant cover than both the active floodplain and inactive floodplain (Fig. 1a) . Total cover was greater in both the active floodplain and inactive floodplain in 2013 than in 2014.
Differences among zones and years for cover of species with the C4 photosynthetic pathway were weaker (KruskalWallis chi-squared test p = 0.067) than for total cover. Wilcoxon rank sum comparisons showed no significant differences in C4 cover among zone by year values, but C4 cover tended to increase from the active channel zone to the inactive floodplain zone in 2014 (Fig. 1b) .
Specific Leaf Area
Community-level SLA was significantly influenced by zone (p < 0.0001), year (p = 0.0008), and the zone x year interaction (p < 0.0001). SLA was lower in the active floodplain and inactive floodplain zones than the active channel in 2013 (Fig. 2a) . Zones had similar SLA in 2014 (Fig. 2a) . In the continuous regression analysis, inundation (p < 0.0001), year (p < 0.0001), and the inundation x year interaction (p = 0.044) were significant sources of variation in SLA, and the overall model explained 29% of variation. SLA increased with inundation ( Fig. 2a) , with a greater increase in 2013 than 2014 (inset Fig. 2a) .
Height
Community-level height was significantly influenced by zone (p < 0.0001), year (p = 0.027), and the zone x year interaction (p < 0.037). Height increased from the active channel to more arid zones in both years, with significant differences in 2013 (Fig. 2b) . Inundation was the only significant fixed effect on height in the continuous regression analysis (p < 0.0001), which explained 30% of total variation. Height decreased with inundation duration (Fig. 3b ).
Seed Mass
Community-level height was significantly influenced by zone (p < 0.0001), year (p = 0.020), and the zone x year interaction (p = 0.003). In both years, seed mass increased significantly from the active channel to the active floodplain. Inundation was the only significant fixed effect on seed mass in the continuous regression analysis (p < 0.0001), which explained 39% of total variation. Seed mass decreased with inundation duration (Fig. 3c) .
Stem Specific Gravity
Community-level SSG was significantly influenced by zone (p < 0.0001), the zone x year interaction (p < 0.0001), but not year (p = 0.164). SSG increased significantly from the active channel to the active floodplain zone and then again to the inactive floodplain zone in both years (Fig. 2d) . Inundation was the only significant fixed effect on SSG in the continuous regression analysis (p < 0.0001), which explained 37% of total variation. SSG decreased with inundation duration (Fig. 3d) . (2013, 2014) . Different letters denote significant differences over zones and years based on Wilcoxon rank sum comparisons at p < 0.05. Error bars represent one standard error of the mean
Correlation among Traits
Rank correlations were significant among many traits (Table 3) . SLA was most strongly correlated with height in both years (r s = −0.62, −0.41, in 2013 and 2014, respectively), moderately correlated with SSG (−0.48, −0.27) and C4 cover (−0.48, −0.27), and weakly correlated with seed mass (0.04, 0.11). Additionally, height was most strongly correlated with SSG (0.51, 0.50) and then C4 cover (−0.5, −0.44).
Discussion
Our study provides a unique evaluation of the influence of hydrologic stress and disturbance on riparian plant community functional traits over a large arid region where a highly regulated river flows through one of the deepest canyons on earth. The sites feature distinct hydrologic zones, large inter-annual variation in precipitation, and mixtures of native and exotic and herbaceous and woody plants. Substantial variation in community composition and traits occurred in our sampling over two consecutive years, among 42 sites dispersed over 226 km of river length, and among transects within a site. Other limitations to our study include reliance on regional databases for data on some traits (seed mass, mature height, photosynthetic pathway), empirical measurements of other traits (SLA, SSG) in only one population per species (usually at a study site), numerous small size plots (1 m 2 ) that maximized spatial replication but may have compromised measurement of larger-scale community composition, and empirical measurements of community composition only in late summer and in only two years. Despite these limitations, we found strong evidence, using mixed models that accounted for sampling variation, for influences on riparian community plant cover and functional traits by hydrological conditions along the Colorado River in Grand Canyon. The results support our overall hypothesis of a shift in community-level traits from zones that are frequently inundated to zones that are less frequently inundated. Fig. 2 Comparison of community-level mean specific leaf area (SLA), height, seed mass, and stem specific gravity (SSG) among hydrologic zones (AC = active channel, AF = active floodplain, IF = inactive floodplain) and years (2013, 2014) . Different letters denote significant differences over zones and years based on Tukey H-D pairwise comparisons at p < 0.05. Error bars represent one standard error of the mean. Values of specific leaf area, height, and seed mass are back-transformations to original units; stem specific gravity was not transformed
Total and C4 Cover
Our finding that total plant cover was lowest in the frequently inundated active channel (Fig. 1a) corroborates welldocumented constraints to plant establishment and production from a combination of frequent scouring, silt deposition, and anaerobic soil conditions. Sparse community-level plant cover, short height, and high SLA in the active channel zone are consistent with dominance by short-lived ruderal species adapted to tolerating frequent disturbance and to avoiders of such disturbance (e.g, annuals) (Grime, 1977 (Grime, , 1979 . Plant cover in the two higher elevation zones (active floodplain, inactive floodplain) was about 50% greater than in the active channel in 2013 and about 20% greater in 2014, indicative of less frequent flooding disturbance at higher elevations.
Our results for total cover provide a framework for interpreting differences in traits among hydrologic zones and inundation gradients. Community traits of plants in the active channel and frequently inundated plots reflect dominance of species adapted to tolerating or avoiding flooding, traits distinctive to the active floodplain and moderately inundated plots reflect dominance of species adapted to intermediate disturbance and stress, and traits distinctive to the inactive floodplain reflect dominance of species adapted to drought stress and infrequent disturbance.
We found a weak (p = 0.067) trend of increasing C4 cover from the active channel to the more arid inactive floodplain (Fig. 1b) , consistent with expectations given the physiological advantages of C4 species on hot, dry sites (Doliner and Jolliffe 1979; Teeri and Stowe 1976; Kemp 1983 ). The increase in C4 Fig. 3 The importance of inundation to traits is shown by relationships between average annual inundation duration and mixed model-predicted community-level trait values, which include both fixed effects (year, inundation, inundation x year interaction) and random sampling effects (site, transect within site). Inset in panel a shows a significant interaction between inundation x year for specific leaf area; interactions not significant for other traits. Gray band shows the 95% confidence interval of the linear regression (Sankey et al. 2015) , drier conditions in upland zones in 2014 should have given C4 species an advantage over C3 species.
Specific Leaf Area
Community SLA differed significantly among hydrologic zones for 2013 community data (Fig. 2a) , with the same nonsignificant trend in 2014. Higher SLA in wetter hydrologic zones ( Fig. 2a ) and more inundated plots (Fig. 3a) are consistent with dominance of communities in the active channel by short-lived ruderal species that have an acquisitive leaf economic strategy (Diaz et al. 2016) , and with the facilitation of leaf gas exchange and survival during submergence by high SLA (Voesenek et al. 2006; Mommer et al. 2007 ). Some obligate wetland species in our study, such as Typha spp., have low SLA (McCoy-Sulentic et al. 2017, written communication) , but these species represent only a small portion of the riparian community in the active channel along the Colorado River in Grand Canyon (Stevens et al. 1995) , and thus had a small quantitative influence on plot-level community values of SLA in our study. High SLA in the active channel is due in part to dominance in this zone of exotic Bermuda grass (Cynodon dactylon), which has high SLA. Results from both the categorical zone ( Fig. 2a ) and continuous inundation (Fig. 3a) analyses show interannual variation in response of community SLA to inundation. Causes of this interannual variation likely include shifts in species relative dominance and phenological plasticity in SLA between dry and wet years.
Height
Community-level height was lowest in the wetter and more frequently inundated active channel zone (Fig. 2b) and decreased with inundation duration (Fig. 3b) , and these patterns were fairly consistent over years. The increase in plant height from the active channel to drier, less-frequently inundated zones in our study is consistent with other studies of riparian ecosystems (Kyle and Leishman 2009 ). Tall community height in the inactive floodplain zone reflects greater dominance by perennial woody species with greater rooting depth allowing access to groundwater (Stromberg 2013) , and whose establishment was facilitated by the longer intervals between flooding disturbance in this zone compared with zones located closer to the river.
Seed Mass
Our results for consistent changes in community seed mass over hydrologic zones (Fig. 2c ) and continuous gradients of inundation (Fig. 3c) for both years are consistent with previous findings about distribution of seed mass over environmental gradients (Westoby et al. 1992; Westoby and Wright 2006) . Smaller seed mass in the more frequently inundated active channel in our study strongly suggests production of a greater number of seeds, greater dispersal distance, and higher chances of seeds reaching and seedlings becoming established at freshly scoured sites (Stromberg et al. 2008; Kyle and Leishman 2009 ). Conversely, high seed mass in the inactive floodplain in our study likely facilitates seedling establishment and persistence in more arid, upland sites in the riparian zone, consistent with other studies of riparian ecosystems (Stromberg et al. 2008; Kyle and Leishman 2009 ).
Stem Specific Gravity
Our finding that community SSG increased from the active channel to inactive floodplain, and decreased over a continuous gradient of inundation duration in both years, is consistent with a functional role of SSG in adaptation to both extremely wet and dry environments. Low SSG in the wettest, most frequently inundated plots in our study is indicative of lowdensity stem aerenchyma tissue that facilitates oxygen transport to submerged plant tissues (Sorrell et al. 2000; Voesenek et al. 2006) , and greater diameter xylem vessels that allow for greater water transport to support high leaf gas exchange (Ishida et al. 2008; Reich 2014) . Conversely, high SSG in drier upland zones and plots in our study is indicative of greater xylem cavitation resistance (Pockman and Sperry 2000; Hacke et al. 2001; Preston et al. 2006; Chave et al. 2009 ). Our finding of a positive association between SSG and riparian zone aridity for communities containing a mixture of woody and herbaceous plants, as well as in separate analyses for herbaceous species (McCoy-Sulentic et al. 2017, written communication) , strongly suggest a role of high SSG in adaptation of herbaceous plants to water stress (e.g. Lens et al. 2016 ) in addition to woody plants that have been featured in most previous investigations.
Correlations among Traits
Our results for correlations among community-level traits inform understanding of the functional ecology of riparian plant communities. SLA has been suggested to be an axis of variation independent to seed mass and plant mature height (Westoby 1998 ). Significant and moderately strong rank correlations between community SLA and height in both years (r s = −0.62, r s − 0.41) does not support independence of these traits for riparian communities of Grand Canyon, where tall communities generally had low SLA. In contrast, weak correlation between SLA and seed mass in both years (r s = 0.04, r s = 0.11) is consistent with the hypothesis that these traits are distinct axes of trait variation, with SLA representing leaf investment and physiology, and seed mass representing reproductive strategy. Moderate correlations between SLA and SSG (r s = −0.48 in 2013, r s = −0.27 in 2014) suggests a general co-occurrence of low-density, hydraulically efficient stems with thin, high-gas-exchange leaves consistent with other studies (Bucci et al. 2004; Maherali et al. 2006; Ishida et al. 2008 ). This coordination is also a likely driver for the moderate correlation of SSG and height (r s = −0.51 in 2013, r s = −0.50 in 2014), with greater community-level height and canopy size requiring greater support and carbon investment in stem tissue. This pattern of correlations among community-level traits is generally similar to our results using species-level means for the same suite of species (McCoySulentic et al. 2017, written communication) .
Conclusions
We learned that communities in more upland, rarely inundated riparian zones had greater plant cover than the frequently inundated active channel zone, which shows limitations on plant establishment and growth by frequent flooding. Communities in more upland zones generally had a suite of traits indicative of drought tolerance (low SLA, high seed mass, high SSG, high coverage by C4 species) and infrequent disturbance (tall height). All investigated traits (height, seed mass, SLA, SSG) varied in a pattern consistent with a community-level ruderal strategy with adaptation to submergence in frequently inundated plots, and a more drought-tolerant suite of traits in less frequently inundated plots. Variation in community traits not explained by our mixed models, which accounted for spatial sampling variation as well as inundation, suggest niche differentiation and multiple modes of community assembly that may allow coexistence of a range of trait values in a given environment and hence weaken relationships between traits and environmental factors. We found evidence for previously documented independent axes of trait variation between community SLA and seed mass, whereas SLA and height were more dependent than expected (taller communities had lower SLA).
Implications
Our results provide insight about short term and future riparian plant communities along the Colorado River in Grand Canyon. Lower runoff expected in the future may reduce flow releases from Glen Canyon Dam into the Colorado River leading to lower average river levels and an altered inundation regime in a direction that started decades ago. Reductions in annual peak flood volume and disturbance since 1963 have increased vegetation cover at lower elevations, particularly woody vegetation (Turner and Karpiscak 1980; Gloss et al. 2005; Sankey et al. 2015) . Changes in some community traits (e.g., SLA) between the wet year of 2013 and the drier year of 2014 suggest quicker response of some traits to changes in environmental conditions. Total plant cover and traits of SLA and C4 cover may show faster response to altered hydrologic conditions, whereas other traits such as height, seed mass, and SSG may change more slowly. With further reductions in flow, our results suggest that areas currently in the active channel zone will shift plant communities from dominance by species with high SLA and low SSG, seed mass, height, and cover by C4 species towards communities having species with traits characteristic of lower inundation tolerance and greater drought tolerance, such as low SLA and high SSG, seed mass and height, and cover by C4 species. Plant communities in the active floodplain zone may shift toward the drought-tolerant traits of the current inactive floodplain zone, but likely will continue to contain a wide range of trait values because of this zone's intermediate levels of disturbance and stress relative to zones closer and farther from the river.
